Gene expression profiles of a wine strain of Saccharomyces cerevisiae PYCC4072 were monitored during alcoholic fermentations with three different nitrogen supplies: (i) control fermentation (with enough nitrogen to complete sugar fermentation), (ii) nitrogen-limiting fermentation, and (iii) the addition of nitrogen to the nitrogen-limiting fermentation (refed fermentation). Approximately 70% of the yeast transcriptome was altered in at least one of the fermentation stages studied, revealing the continuous adjustment of yeast cells to stressful conditions. Nitrogen concentration had a decisive effect on gene expression during fermentation. The largest changes in transcription profiles were observed when the early time points of the N-limiting and control fermentations were compared. Despite the high levels of glucose present in the media, the early responses of yeast cells to low nitrogen were characterized by the induction of genes involved in oxidative glucose metabolism, including a significant number of mitochondrial associated genes resembling the yeast cell response to glucose starvation. As the N-limiting fermentation progressed, a general downregulation of genes associated with catabolism was observed. Surprisingly, genes encoding ribosomal proteins and involved in ribosome biogenesis showed a slight increase during N starvation; besides, genes that comprise the RiBi regulon behaved distinctively under the different experimental conditions. Here, for the first time, the global response of nitrogen-depleted cells to nitrogen addition under enological conditions is described. An important gene expression reprogramming occurred after nitrogen addition; this reprogramming affected genes involved in glycolysis, thiamine metabolism, and energy pathways, which enabled the yeast strain to overcome the previous nitrogen starvation stress and restart alcoholic fermentation.
Alcoholic fermentation is a dynamic process in which Saccharomyces cerevisiae cells are subjected to innumerable environmental stresses, such as progressive nutrient depletion, high osmolarity, increasing alcohol concentration, and temperature variation, which adversely affect cell growth, fermentative activity, and cell viability. In winemaking, nutrient limitationspecifically, nitrogen deficiency-is one of the main reasons for stuck or sluggish fermentation. These major problems have not been clarified in terms of their associated molecular and cellular signaling events (2, 6, 23, 32) . One of the ways in which yeast cells adjust to modifications in their environment is by changing gene expression patterns. cDNA microarray technology has emerged as a powerful tool for functional genomics, providing valuable insight into the yeast cellular responses to diverse growth conditions. Studies under laboratory conditions have shown that yeast cells respond to environmental changes with modifications in the expression of hundreds of genes, demonstrating the plasticity of yeast genome (12, 15) . This generalized stress response, known as environmental stress response (ESR), includes the repression of most of the genes involved in protein synthesis, including genes required for ribosome synthesis and processing, and others that are functionally related (15) . One of the environmental transitions that lead to ESR is starvation, in particular, nitrogen starvation (15) . Transcriptomic responses, under nutrient-limiting conditions, have also been studied with cultures growing in chemostats, under highly controlled conditions with a single factor of variation (7, 31, 33, 35, 40) . These cultures do not show many of the dramatic changes in gene expression due to starvation because, under these conditions, the cells seem to be "poor" but not "starving" (8) . Indeed, the nutrient starvation response is deemed to be different from the nutrient limitation response (26) . In the past few years, several transcriptomic (3, 24, 28, 37, 42) and/or proteomic (36, 42) studies have been undertaken under conditions resembling the winemaking process. Their findings indicated that entrance to stationary phase, due to nitrogen depletion, is the landmark event during wine fermentation which results in major changes characterized by a general stress response. In addition, genes involved in carbohydrate metabolism, protein folding and degradation, the oxidative stress response, DNA damage repair, and other cellular processes are induced (12, 15) . However, most of these studies were performed using conditions where nitrogen was not a limiting nutrient to ensure complete sugar degradation.
In the present study, genome-wide expression profiling was used to compare and characterize changes in the wine yeast strain S. cerevisiae PYCC4072 in response to different nitrogen supply regimens. The experiments were carried out by using batch cultures, resembling the stressful conditions that yeast cells have to face in the enological environment. It was found that even under high glucose concentrations yeast cells responded to the challenge of low nitrogen by inducing a great number of genes of respiratory metabolism, those of the tricarboxylic acid cycle and the oxidative phosphorylation pathway. Conversely, yeast cells under low-nitrogen conditions adjusted the expression of genes encoding proteins with functions in ribosome structure or biogenesis and rRNA metabolism by lowering their mRNA levels; it is interesting, however, that all these genes increased in expression during the N-limiting fermentation, a result suggesting an important role for them in cell survival under nitrogen starvation conditions. Globally, the results provide a broad and integrated view of the gene expression changes that may occur under conditions mimicking the enological environment and indicate that the nitrogen availability is an important factor in determining the gene expression profile during fermentation.
MATERIALS AND METHODS
Strain and maintenance conditions. The wine yeast strain S. cerevisiae PYCC4072 was supplied by the Portuguese Yeast Culture Collection and maintained at 4°C on slants of yeast-peptone-dextrose agar containing glucose (20 g ⅐ liter Ϫ1 ), peptone (10 g ⅐ liter Ϫ1 ), yeast extract (5 g ⅐ liter Ϫ1 ), and agar (20 g ⅐ liter Ϫ1 ). Before use, it was transferred to a new slant of yeast-peptonedextrose agar for 24 h at 25°C.
Culture medium. A chemically defined grape juice medium (GJM), similar in composition to typical grape juice and previously described by Henschke and Jiranek (16) vitamins (myo-inositol, 100 mg; pyridoxine HCl, 2 mg; nicotinic acid, 2 mg; calcium pantothenate, 1 mg; thiamine HCl, 0.5 mg; p-amino benzoic acid, 0.2 mg; riboflavin, 0.2 mg; biotin, 0.125 mg; and folic acid, 0.2 mg); diammonium phosphate was added as the only nitrogen source. The pH was adjusted to 3.7 with NaOH prior to sterile filtration of the medium.
Inoculum and fermentation conditions. The inoculum was prepared by pregrowing the yeast overnight in 100-ml shake flasks containing 70 ml of medium with the same composition as that used in all assays. The flasks were then incubated overnight at 25°C in an orbital shaker at 150 rpm. This preculture was used to inoculate experimental cultures with an initial viable population of 5 ϫ 10 5 CFU ⅐ ml Ϫ1 . Fermentations were carried out in 1,000-ml flasks equipped with cotton stoppers, filled to 2/3 of their volume and maintained at 20°C under permanent but moderate shaking (120 rpm), mimicking real industrial conditions. The effect of nitrogen on yeast performance was studied with GJM containing an initial nitrogen concentration of 267 or 66 mg ⅐ liter Ϫ1 , supplied as diammonium phosphate. In the medium with a lower nitrogen content (66 mg ⅐ liter Ϫ1 ), cells were grown until stationary phase (72 h). At that time, the culture was split into two smaller 500-ml flasks, and 200 mg ⅐ liter Ϫ1 of nitrogen was added to one of the flasks while the other remained as a control. At the indicated time (Fig. 1) , culture aliquots were taken for metabolite analysis, cell counting, and RNA preparation. Samples for RNA preparation were taken from the fermentation flasks by rapidly transferring them into centrifuge tubes. The yeast cells were pelleted by centrifugation at 2,205 ϫ g at 4°C for 5 min (Sigma 3K18; rotor 11133), immediately frozen in liquid nitrogen, and stored at Ϫ80°C for later RNA isolation. The progress of fermentation was evaluated by determining the amount of glucose consumption and ethanol production as well as ammonium disappearance during the process, as previously described (25) .
Nucleic acid extraction and labeling. Total RNA extraction and labeling by random priming using [␣-
33 P]dCTP (3,000 Ci/mmol; 10 Ci/l) was performed as described by Alberola et al. (1) . The labeled cDNAs were purified by using a G50 MicroSpin column (Amersham Biosciences). Between 3 ϫ 10 6 and 5 ϫ 10 6 dpm/ml of labeled cDNA was used for filter hybridization. Prehybridization, hybridization, and washing were carried out according to published protocols (1) . Estimation of total RNA and mRNA. For further normalizations, the RNA amount obtained from a fixed amount of cells during the experiment was estimated, using five different cell aliquots taken at each of the sampling times from a mock experiment (standard deviation, Ͻ2%). Based on the known RNA amount in a fixed number of cells, the RNA amount obtained in the real experiment was expressed as number of cells, as determined by using a particle count and size analyzer (Z 2 ; Coulter, Inc.). In addition, a dot blot procedure was used to estimate the proportion of poly(A) mRNA in the total RNA (14) . Using these data, the proportion of poly(A) mRNA per microgram of total RNA per cell, at each of the time points, was determined.
Data generation, correction, and normalization. Global gene expression analysis was performed by hybridization of nylon filters (fabricated by the DNA chips section of the Servicio Central de Soporte a la Investigación Experimental of the Universitat de València, València, Spain; http://scsie.uv.es/chipsdna) containing PCR-amplified whole open reading frame sequences as probes (1) , and signal was measured in a phosphorimager scanner (FLA-3000; FujiFilm). Membranes were hybridized with total yeast genomic DNA labeled by random priming before the set of cDNA hybridizations. In addition, for a better homogenization of the quantified signals and to minimize differences between filters, a swap of the membranes was done among the different sampling points. Each replicate was, accordingly, represented by hybridizations done with three independent membranes. Hybridization signals were quantified using ArrayVision 7.0 software (Imaging Research, Inc.), taking the artifact-removed median density (with the corresponding subtracted background) as signal. Poor or inconsistent signals were not considered for further analysis. Genomic hybridization signals were used to normalize cDNA signals in each respective filter in order to eliminate differences in membrane fabrication. Normalization between different hybridizations is usually done by assuming that the overall amount of mRNA per cell in each sample is constant. However, it is not possible to assume that condition when cells are subjected to external perturbations. Thus, the total amount of poly(A) mRNA per cell was evaluated as described in the previous section. This datum was used to normalize the different hybridizations of cDNA.
The use of the same DNA chip for successive cDNA hybridization improved the comparisons between values for each gene. cDNA hybridizations were normalized within each experiment replicate by the global mean procedure. Reproducibility of the replicates was tested by ArrayStat software (Imaging Research, Inc.), considering the data as independent and allowing the program to take a minimum number of two valid replicates in order to calculate the mean and standard deviation values for every gene (only one of the three replicates was allowed to be a removable outlier). Normalization between sampling points was done using the previously calculated amount of mRNA/cell to give values of mRNA copies/cell for each gene at every time point. These values were used for cluster analysis and comparisons. To estimate significantly differentially ex- pressed genes in all possible time courses, an F-test for multiple conditions was applied. For pairwise comparisons, a z-test was used to determine differential gene expression. False discovery rate was the method used for false-positive error correction. Clustering procedures. For clustering, the Gene Expression Pattern Analysis Suite (GEPAS) v1.0, included in the website of the CIPF Bioinformatic Unit (http://gepas.org), was used. Log-transformed data were preprocessed (18) to remove genes with missing values of more than 80%. The K nearest-neighbor impute option was used to impute missing values. Flat patterns were filtered according to their standard deviations by using a threshold of 0.5. Preprocessed data was used for cluster analysis by transferring it to the SOTA tree server (17) using the linear correlation coefficient as the distance between genes. The tree was allowed to grow to seven clusters as training conditions.
Functional searches. Functional analysis of the expression data was done using the FuncAssociate tool (http://llama.med.harvard.edu/cgi/func/funcassociate) for finding statistically significant overrepresented functional classes. The Saccharomyces Genome Database (http://www.yeastgenome.org) and the MIPS Comprehensive Yeast Genome Database (http://mips.gsf.de/genre/proj/yeast/) were used to retrieve information about specific gene function and biological process. Supplemental research data accompanying this article are available through the website http://scsie.uv.es/chipsdna.
Semiquantitative RT-PCR assays. The expression of some genes was also analyzed by semiquantitative reverse transcription (RT)-PCR according to the protocol described by Zuzuarregui et al. (42) . Table 1 includes the sequences of the oligonucleotides used in these amplification reactions, the number of cycles, and the hybridization temperatures. The PDA1 gene was used for normalization of the data. This gene encodes the E1 alpha subunit of the pyruvate dehydrogenase complex, and it shows a constitutive expression in batch and chemostat cultures in the presence of various carbon sources (39) .
Microarray data accession number. The array data determined in this study have been submitted to the GEO data repository (http://www.ncbi.nlm.nih.gov /geo/) under accession number GSE5842.
RESULTS

Establishment of fermentation and sampling conditions.
The aim of this study was to determine how the wine yeast strain S. cerevisiae PYCC4072 responds to the progressive depletion of nitrogen in batch culture, by using macroarray technology. This was done by monitoring gene expression throughout the alcoholic fermentation in a synthetic grape juice mimicking an enological environment. Three main fermentation conditions with 200 g ⅐ liter Ϫ1 of glucose were established by manipulating the nitrogen concentration in the culture medium (25) (i) with 267 mg N ⅐ liter Ϫ1 , the nitrogen concentration required by the yeast strain to complete fermentation (control fermentation), (ii) with 66 mg N ⅐ liter Ϫ1 , the nitrogen concentration that leads to sluggish fermentation (N-limiting fermentation), and (iii) by adding 200 mg of N ⅐ liter Ϫ1 into the N-limiting fermentation after 72 h, coinciding with 48 h of nitrogen depletion (refed fermentation).
A global view of the fermentation and growth patterns associated with each of the three test conditions is presented in Fig. 1 . In Table 2 , the number of viable cells; glucose, ethanol, and nitrogen levels; and total RNA and poly(A) signal per 10 , supplied as ammonium phosphate, at 20°C and pH 3.7. The arrow indicates the time of nitrogen addition. In the control fermentation, cells were collected at midexponential phase (24 h), at entry into stationary phase (48 h), and at the final stage of alcoholic fermentation (96 h), corresponding to time points 1, 2, and 3, respectively. In the N-limiting fermentation, samples were collected at 24 h (time point 4), when cells were still actively growing despite the fact that nitrogen was already exhausted from the medium; at 48 h (time point 5), when cells entered into stationary phase; and at 80, 96, and 144 h during stationary phase, corresponding to time points 6, 7, and 8, respectively. Samples were also taken 8, 24, and 72 h after nitrogen addition, corresponding to time points 9, 10, and 11, respectively. In the N-limiting fermentation, all ammonium was exhausted after 24 h. However, according to the CFU determinations, both fermentations reached stationary phase on the second day. Furthermore, the level of total RNA strongly decreased and the amount of poly(A) mRNA also decreased although, in this case, only by approximately half of the initial value. Nitrogen addition, during stationary phase, to the N-limiting fermentation had a significant effect on yeast growth, altering the fermentation profile. However, after only a lag period, yeast cells started to grow and sugar began to be used efficiently. In the 24 h that followed the addition, nitrogen was almost completely exhausted, and the glucose consumption was completed with a 48-h delay, coincident with the time of nitrogen deprivation, in comparison to the control fermentation. From the above results, eleven samples were collected at the indicated times from three biological replicates for transcriptome anal- Fig. 1 . In the total of 5,890 genes whose expression could be scored at the eleven sampling points, the expression of 4,116 genes, roughly 70% of transcriptome, was significantly changed (P Ͻ 0.05) (see Table S1 in the supplemental material). Effect of low nitrogen and nitrogen starvation on gene expression. To evaluate how yeast cells adjusted to low nitrogen, time points 2 and 4, corresponding to different experiments and fermentation times but having similar extracellular nitrogen levels, as shown in Table 2 , were compared to point 1 as a reference. Scatter plots were constructed for the 5,227 genes that could be scored in both comparisons and for the 1,236 that had significantly altered expression (P Ͻ 0.05 according to a z-test) in both comparisons ( Fig. 2A and B ) (see Table S2 in the supplemental material). A total of 664 genes, mainly associated with protein synthesis (P ϭ 9.5 ϫ 10 Ϫ37 ), RNA metabolism (P ϭ 2.3 ϫ 10
Ϫ12
), and nucleic acid metabolism (P ϭ 1.1 ϫ 10 Ϫ7 ), were downregulated at both time points. Approximately 46% of genes were upregulated, including those encoding proteins involved in a multiplicity of functions, such as the generation of energy (P ϭ 9.9 ϫ 10 Ϫ13 ), carbohydrate metabolism (P ϭ 5.2 ϫ 10 Ϫ10 ), oxidoreductase activity (P ϭ 4.5 ϫ 10 Ϫ9 ), respiratory chain phosphorylation (P ϭ 1.7 ϫ 10 Ϫ8 ), transporter activity (P ϭ 4.6 ϫ 10 Ϫ7 ), respiration (P ϭ 2.0 ϫ 10 Ϫ5 ), response to oxidative stress (P ϭ 2.4 ϫ 10 Ϫ5 ), and oxygen and reactive oxygen species metabolism (P ϭ 4.2 ϫ 10 Ϫ5 ). Only seven genes exhibited differential behavior within the two comparisons.
To assess if the above yeast cell response to low nitrogen is maintained during the late stage of the N-limiting fermentation, the changes in the pairwise comparisons between time points 4 and 1 and either 7 and 1 or 8 and 1 were analyzed. The scatter plots constructed for the 5,284 genes that could be scored in both comparisons (time points 4 and 1 versus 8 and 1) and for 628 genes with significantly altered expression (P Ͻ 0.05) ( Fig. 2C and D; see Table S2 in the supplemental material) revealed that, despite the variation in expression levels (supported by a lower correlation coefficient, r ϭ 0.61), the transcriptional response triggered by low nitrogen was sustained during the late stages. The genes that displayed lower expression levels during the N-limiting fermentation (time points 4 and 1 versus 8 and 1) were approximately the same that were found at the early yeast cell response (time points 4 and 1 versus 2 and 1). Only in the case of 32 genes did the relative expression specifically decrease after a long-term nitrogen starvation (Fig. 2D , lower right quadrant) and these were mainly associated with cell wall (P ϭ 9.3 ϫ 10 Ϫ6 ) functions. The difference in the numbers of genes with a statistically significant (P Ͻ 0.05) change obtained in the pairwise comparisons for time points 4 and 1 versus 7 and 1 did not alter the general trends pointed out above for time points 4 and 1 versus 8 and 1, as the overrepresented functional categories were largely the same ( Fig. 2E and F ; see Table S2 in the supplemental material).
Global analyses of samples from N-limiting fermentation (time points 4, 5, 6, 7, and 8) revealed that 1,328 genes, approximately 23% of the yeast transcriptome analyzed, were significantly changed (P Ͻ 0.05). Genes were grouped according to their expression profiles, enabling the definition of seven clusters of genes ( Fig. 3 ) (see Fig. S3 in the supplemental material). From these results, 826 genes (clusters III, IV, V), linked to metabolism, the cell wall, and regulation of pH, were downregulated. The nitrogen catabolite repression (NCR) genes were included in those clusters. The upregulated genes at time point 8 were included in clusters I, II, and VII. Genes encoding proteins with functions in ribosome structure or biogenesis as well as genes involved in rRNA metabolism are included in these clusters, suggesting they had an important role in cell survival under nitrogen starvation conditions. As yeast cells are experiencing nitrogen starvation, genes encoding cytoplasmatic ribosomal proteins and those that compose the RiBi regulon (15), including those coding for ribosome biogenesis and subunits of RNA polymerase I and III, enzymes involved in nucleotide metabolism, tRNA syn- thetases, and translation factors, were considered for further analysis (Fig. 4A to F) . Surprisingly, but in agreement with data shown in Fig. 3 , genes related to cytoplasmic ribosomal proteins and, especially, to ribosome biogenesis were induced during the N-limiting fermentation, contrary to what was observed with the control fermentation, where the decrease in expression levels coincided with cell growth arrest. It is possible that ribosomes are present in modified forms for optimal translational activity, similar to that occurring in the stationary phase (29) , and that they therefore cannot be altered to a form that is more tolerant of limiting nitrogen without resynthesis. Genes related to tRNA synthesis and nucleotide metabolism and those encoding subunits of RNA polymerases I and III showed similar behavior in the control and the N-limiting fermentations. It is interesting to note the clear difference found between ribosome biogenesis genes and the other groups of genes belonging to the RiBi regulon.
Effect of nitrogen refeeding on gene expression. To assess how starved cells responded to nitrogen addition, pairwise comparisons between time points 9 versus 5 and 6 versus 5 were combined (Fig. 5A and B) . The analysis revealed profound alterations caused by nitrogen addition, corroborated by the low correlations found between the two ratios. The effect of nitrogen addition was more clearly seen in the subsequent pairwise comparisons of time points 7 versus 10 and 8 versus 11 (Fig. 5C ). In the first pairwise comparison, the expression of 814 genes was significantly different (P Ͻ 0.05). Of those, 215 genes were less expressed at point 10 and were surprisingly connected to ribosomal proteins (P ϭ 1.1 ϫ 10 Ϫ10 ), the small nucleolar ribonucleoprotein complex (P ϭ 3.8 ϫ 10 Ϫ10 ), the nucleolus (P ϭ 1.4 ϫ 10 Ϫ9 ), and RNA processing and metabolism (P ϭ 1.4 ϫ 10 Ϫ5 ). The 598 genes with higher expression levels at time point 10 than at point 7 were included in several functional categories, such as cell wall functions (P ϭ 9.0 ϫ on February 28, 2013 by PENN STATE UNIV http://aem.asm.org/ 10 Ϫ11 ), glucose catabolism (P ϭ 3.7 ϫ 10 Ϫ6 ), protein folding (P ϭ 6.1 ϫ 10 Ϫ6 ), energy pathways (P ϭ 1.1 ϫ 10 Ϫ5 ), alcohol metabolism (P ϭ 2.6 ϫ 10 Ϫ5 ), and glycolysis (P ϭ 7.0 ϫ 10 Ϫ5 ). The comparison between time points 8 and 11 indicated that the number of highly expressed genes at time point 11 strongly increased (1,705 genes) (Fig. 5C ). Functional analysis revealed that the majority of the gene ontology (GO) categories described previously were enriched and others, such as response to stimulus (P ϭ 5.0 ϫ 10 Ϫ8 ), response to stress (P ϭ 1.2 ϫ 10 Ϫ7 ), ion transport (P ϭ 2.3 ϫ 10 Ϫ6 ), and transcription regulator activity (P ϭ 4.4 ϫ 10 Ϫ5 ), as well as genes associated with fermentation (P ϭ 6.0 ϫ 10 Ϫ5 ), were also overrepresented. The results obtained from these comparisons, regarding the expression of ribosomal protein and stress genes, suggested that the refed fermentation yeast cells were progressively detecting the stressful conditions, while at time points 7 and 8 only minor changes occurred.
To evaluate whether yeast cells returned to a state similar to that of the control fermentation, the following pairwise comparisons were performed: time points 9 versus 1, 10 versus 2, and 11 versus 3. (Fig. 5D) . It was found that 2,069 genes were significantly (P Ͻ 0.05) differentially expressed despite the good correlation between comparison 1 versus 9 (r ϭ 0.80). Of those, the 205 genes with higher expression at time point 9 were included in functional categories related to generation of precursor metabolites and energy pathways (in particular, electron transport activity), carbohydrate metabolism, and energy reserve metabolism. This result could be related to the different growth stage found at time points 9 and 1. Conversely, most of the genes (1,864 genes) with lower expression at time point 9 were related to ribosome biogenesis and assembly, RNA metabolism and RNA processing, protein biosynthesis, and amino acid metabolism. Accordingly, the genomic expression profile at time point 9 seemed to be quite similar to that observed at time point 4, which is corroborated by the highly correlated (r ϭ 0.81) expression ratios between both conditions. These data point out that, 8 h after nitrogen addition, cells have not completely returned to the situation found in the control fermentation. The comparison between time points 2 and 10 showed that only 21 genes were significantly (P Ͻ 0.05) changed, suggesting that only 24 h after nitrogen addition, cells returned to a state similar to the control conditions. However, a comparison of time points 3 to 11 showed 3,574 genes that were differentially expressed, probably due to differences in yeast growth stages.
The expression of 2,394 genes, corresponding to nearly 40% of the yeast transcriptome, was significantly changed over the time course of refed fermentation. The genome-wide profiles of these genes as well as the significant GO categories are shown in Fig. 6 (see Fig. S4 in the supplemental material) . Genes whose expression increased until nitrogen addition were included in clusters I, II, and VII. Genes with earlier responses to nitrogen addition appeared in clusters II, V, VI, and VII, while those with a later response to refeeding belonged to cluster III and IV. Some of the NCR-sensitive genes, such as DAL82, GAT1, GDH3, GLN3, MEP3, PUT4, URA10, and UGA4, were included in cluster III, while 22 of 56 genes re-FIG. 5. Log 2 ratio scatter plots comparing expression profiles from time point 6 and time point 9 relative to time point 5 for all genes (A) and for those significantly changed (P Ͻ 0.05) between time points 6 and 9 (B). Graphical representation of the number of genes showing significant (P Ͻ 0.05) changes in pairwise comparisons between sampling points of the refed fermentation with those of the (C) control (time points 1 and 9, 2 and 10, and 3 and 11) and of the (D) N-limiting fermentation (6 and 9, 7 and 10, 8 and 11). Gray and black bars represent the number of underand overexpressed genes at the refed fermentation sampling points (9, 10, and 11), respectively.
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Validation of the macroarray data by RT-PCR.
The differential expression of genes obtained by macroarray analysis was confirmed by RT-PCR using the same RNA from the original macroarray experiments. Six genes with different expression profiles throughout the experiment (YPG1, ALD3, DUT1, SPI1, CHA1, and ARG1) were selected for validation by RT-PCR. As can be seen in Fig. 7 , the data obtained from RT-PCR experiments (panel B) was essentially consistent with the results from the macroarray analyses (panel A). SPI1 and YGP1 genes, originally identified as being induced upon entry into stationary phase, displayed the highest mRNA levels after nitrogen depletion, corresponding to time points 2 and 6. The CHA1 gene, which encodes an L-serine (and L-threonine) deaminase, also showed the maximal expression at time point 6. In contrast, for DUT1 encoding a dUTPase, which catalyzes the hydrolysis of dUTP to dUMP and PPi, the lowest levels were found at time points 2 and 6, where nitrogen was limiting. In the case of ARG1 (encoding arginosuccinate synthetase), the highest mRNA values both in macroarrays and in RTPCRs were found at time point 4 and the lowest at time point 6. Finally, ALD3, whose expression is known to be induced by stress and repressed by glucose, showed the highest expression at time points 2, 6, and 9.
DISCUSSION
In the present study, array technology was used to evaluate gene expression profiles during three different fermentations, in order to assess at a genome-wide level how the yeast strain responded to the progressive nitrogen depletion and how it exited from such a metabolic state once nitrogen was added. These experiments were done using batch cultures, under conditions mimicking the enological environment; to our knowledge, these are the first studies done that take a genome-wide approach integrating the different situations of nitrogen supply. As previously shown (12, 15) yeast genome plasticity enables yeast cells to respond to different stress conditions with global changes at the transcriptome level. Accordingly, in the eleven samples analyzed, combining low and/or high concentrations of glucose, nitrogen, and ethanol and taken at different stages in each experiment, a total of 4,116 genes (roughly 70% of transcriptome) changed their mRNA levels in at least one condition across the experiments. The decrease in the number of genes differentially expressed during sluggish fermentation at time points 1 versus 4 (1,735 genes), 2 versus 5 (186 genes), and 3 versus 7 (210 genes) and the increase observed in that number after refeeding at time points 6 versus 9 (379 genes), 7 versus 10 (814 genes), and 8 versus 11 (1,734 genes) indicate that yeast cell responses are coordinated as nitrogen deficiency is sustained, and these results clearly show a role for nitrogen availability in the subsequent effects on the gene expression profile.
From the analysis of the transcriptome of yeast cells challenged by nitrogen deficiency, different situations can be highlighted. The early yeast cell response to low nitrogen availability (time points 2 and 4 compared to point 1) was characterized by the upregulation of genes involved in energy, carbohydrate metabolism, respiration, transport activity, and response to oxidative stress and a large number of genes with no predicted biological role. In contrast, genes involved in protein synthesis, as well as RNA metabolism, transcription, translation, and nucleotide and nucleobase metabolism, were downregulated, resembling the stereotypical changes known as the ESR (15) or common environmental response (12) .
As the N-limiting fermentation progressed, the majority of genes involved in catabolism decreased in expression, including those involved in carbohydrate and nitrogen metabolism, suggesting that some metabolic pathways, namely glycolysis and fermentation, slowed down to enable cell survival, leading to sluggish fermentation. However, the oxidative metabolism of glucose seemed to be fully operational, according to the elevated mRNA levels of mitochondrial associated genes, despite the high amounts of glucose present. Previous reports suggested that when yeast cells sense intracellular nitrogen limitation, either by its absence from the medium or by ammonium transport inactivation, protein synthesis stops and the glucose transport begins to be irreversibly inactivated (9, 11, 22) . This disabling of glucose transport could lead ultimately to an alleviation of the well-known Crabtree effect, associated with the decrease in fermentation rate and activation of respiratory genes. Accordingly, it has been suggested that the transcription activation of genes involved in the tricarboxylic acid cycle and respiration may be associated with low sugar uptake capacity and/or redox imbalance (20) , with an obvious advantage once less sugar is needed to obtain the same amount of ATP (35) needed for cellular maintenance. In the current study, it was found that during the N-limiting fermentation, the expression levels of the glucose transport genes, both the lowaffinity (HXT1 and HXT3) and the high-affinity (HXT2, HXT6, HXT7) carriers, were always greater than those seen in control fermentations (results not shown), indicating that the regulation of the glucose transporters is associated with translation or posttranslation levels rather than occurring at the transcriptional level.
The low mRNA levels of ribosomal protein genes at the early time point of the N-limiting fermentation were not directly associated with entrance into stationary phase, as happened in the control fermentation; since the cells were still at the exponential growth phase, this may be a mechanism of yeast cell adaptation to nitrogen limitation. This response is probably related to the already low nitrogen levels at time point 4; although cells are still actively growing, gene expression was anticipating the growth arrest that took place later on, as supported by a similar result for ribosome biogenesis genes (Fig. 4B) . A reduction in yeast ribosomal protein mRNA levels that was not synchronized with a detectable change in growth rate or cell number was also observed after rapamycin treatment (27) . A continuous decrease in mRNA levels of ribosomal protein genes over the time course of the sluggish fermentation would be expected. Nevertheless, the mRNA increase that followed suggests that the expression of ribosomal protein genes has a continuous role in cell survival under nitrogen starvation conditions as previously observed under other stress conditions, such as low temperature (30) or high salinity (41) . The adaptation to the low-nitrogen circumstances could also explain the smaller decrease in poly(A) relative to total RNA, in spite of growth rate decay. It should be noted that genes belonging to the RiBi regulon (21, 38) that are tightly coregulated (15, 19, 21, 38) behaved distinctively in this study. Whereas ribosome biogenesis genes (Fig. 4B) showed a marked increase in expression during N starvation (points 4 to 8), the other genes included in the regulon (those encoding tRNA synthetases, translation factors, nucleotide metabolism, and RNA polymerases I and III) showed a different behavior with a decrease in either rich or poor nitrogen medium. To our knowledge, this is the first time that such a different response has been seen, which suggests the existence of an unknown regulatory mechanism apart from that already described for this regulon (reviewed in reference 21). Further studies will be necessary to clarify this aspect.
With the addition of a nitrogen source to nitrogen-starved yeast cells, in the presence of high glucose levels it would be expected that activation of the fermentable-growth medium pathway characterized by enhanced ribosomal protein synthesis and repression of stress response element-controlled genes would occur (34) . However, these effects did not appear to be triggered under the conditions used in this study. In fact, genes involved in growth-related functions, such as those encoding ribosomal proteins and those involved in RNA processing and metabolism, were repressed. Nevertheless, nitrogen addition clearly enables the yeast strain to overcome the previous nitrogen starvation stress and restart alcoholic fermentation. Many genes involved in glycolysis, thiamine metabolism, and energy pathways were upregulated, which is consistent with a high fermentative activity.
As a final remark, the results obtained within the present work have enabled a detailed evaluation of the most prevalent features in the yeast transcriptome and have provided new insights into changes in gene expression of S. cerevisiae challenged by nitrogen deficiency during an alcoholic fermentation at high glucose concentrations. The experimental conditions were different from those previously selected (3, 24, 28, 37, 42) , and this made it possible to identify novel expression responses. First, it should be stressed that despite a high glucose concentration, yeast cells responded to a low-nitrogen challenge by inducing a great number of genes involved in carbon and energy metabolism, as summarized in Fig. 8 . Second, the NCR-sensitive genes, which normally become derepressed with a poor nitrogen source or during nitrogen starvation in a target of rapamycin (TOR) protein response to nitrogen limitation (4, 5) , are among the genes highly expressed at the onset of nitrogen-limiting fermentation; during the later stages, expression was strongly reduced. Third, genes encoding proteins with functions in ribosome structure or biogenesis as well as genes involved in rRNA metabolism were specifically induced during nitrogen-limiting fermentation and were repressed after nitrogen addition. Globally, the results provide a broad and integrated view of the gene expression changes that may occur under conditions mimicking those in the enological environment. The large amount of data made available from this study will be used to develop more efficient strategies and with green letters identify genes whose expression is higher, but not significantly so, at that time point. Red boxes with white letters identify genes whose expression is significantly lower at time point 4 of the N-limiting condition. White boxes with red letters identify genes whose expression is lower, but not significantly so, at that time point. The magnitude of induction or repression is indicated only for significantly changed genes. For multimeric enzyme complexes, the indicated change (n-fold) represents an average for all the genes listed in the box. Black boxes and white letters indicate genes for which expression information was not available in one of the conditions. CoA, coenzyme A. 
